Abstract. Pelvic organ prolapse (POP) is a common and distressing health problem in adult women, but the pathophysiological mechanism is yet to be fully elucidated. Previous studies have indicated that oxidative stress may be associated with POP. Thus, the aim of the present study was to investigate the oxidative status of pelvic supportive tissue in POP and further demonstrate that oxidative stress is associated with the pathogenesis of POP. A total of 60 samples were collected from females undergoing hysterectomy for POP or cervical intraepithelial neoplasia (CIN). This included 16 females with POP II, 24 females with POP III-IV (according to the POP-Q system) and 20 females with CIN II-III as the control group. Immunohistochemistry was utilized to measure the expression of oxidative biomarkers, 8-hydroxydeoxyguanosine (8-OHdG) and 4-hydroxynonenal (4-HNE). Major antioxidative enzymes, mitochondrial superoxide dismutase (MnSOD) and glutathione peroxidase 1 (GPx1) were measured through reverse transcription-quantitative polymerase chain reaction, western blotting and enzyme activity assays. The results demonstrated that in the cardinal ligament, the expression of 8-OHdG and 4-HNE was higher in the POP III-IV group compared with the POP II group and control group. The MnSOD and GPx1 protein level and enzyme activity were lower in the POP III-IV group compared with the POP II or the control group, while the mRNA expression level of MnSOD and GPx1 was increased. In conclusion, oxidative damage is increased in the pelvic supportive ligament of female patients with POP and the antioxidative defense capacity is decreased. These results support previous findings that oxidative stress is involved in the pathogenesis of POP.
Introduction
Pelvic organ prolapse (POP), presenting symptoms including uterine prolapse, bladder prolapseand rectal prolapse, is a common and distressing health problem in adult women, which can affect ~50% of women over the age of 50 (1) . In the USA, the total number of women who undergo surgery for POP is projected to increase from 166,000 (in 2010) to 245,970 in 2050 (2) and the incidence would peak in women aged between 60 to 79 years (3, 4) . The annual cost for POP surgery was $1.4 billion between 1996 and 2005 (5). The precise pathogenesis of POP is still unknown, but it is believed to be multifactorial. Environmental factors, including age, hormonal status, constipation, smoking, obesity, prior surgery, increased infant birth weight, episiotomy, vaginal parity and extended second stage of labor, have been identified as key risk factors in the development of POP (6) . Other factors, including chronic illnesses that increase intra-abdominal pressure, underlying neurological disease and a decrease of estrogen receptor in the pelvic supportive tissue, are also considered to be risk factors (7, 8) . However, environmental factors alone cannot explain the development and progression of POP. For example, severe female pelvic floor dysfunction has been reported in nulliparous women with minimal risk factors, while a large number of multiparous women do not develop POP (9) (10) (11) .
Oxidative stress is caused by an imbalance of reactive oxygen species (ROS) and antioxidant defense systems in a cell, tissue or organ (12) . ROS, including the superoxide radical anion (O 2 -), hydroxyl radical and hydrogen peroxide (H 2 O 2 ), are produced as byproducts of normal cellular metabolism (13) . They are reactive molecules due to their unpaired electrons and can react spontaneously with biomolecules such as DNA, RNA, protein and lipids, leading to cell death and disease (14, 15) . Oxidative stress damage occurs when levels of ROS exceed the cell's antioxidant defense capacity (16) . As previously reported, isoprostanes, reliable biomarkers of oxidative stress, are higher in women with uterine prolapse compared with non-prolapse women, in the cardinal ligament and urine samples (17) . Selenium is a key component of glutathione peroxidase (GPx), which can indirectly reflect antioxidant capacity (18) . It was previously demonstrated that serum selenium concentration is significantly lower in pelvic organ prolapse-affected buffaloes compared with control group buffaloes (19) . Recently, a genetic predisposition investigation revealed that oxidative-related genes are associated with POP (20) . In addition, Visco and Yuan (21) demonstrated that the gene expression of DSCR-1, an antioxidative related gene, and its gene product calcipressin 1, which can protect cells from oxidative stress, was underexpressed in pubococcygeus muscle from women with prolapse. This indicated that the pelvic floor may suffer from oxidative stress, leading to the damage of pelvic floor tissues. In addition, oxidative stress has been demonstrated to regulate matrix metalloproteinase (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), thus leading to decreased collagen and elastin synthesis in fibroblasts and smooth muscle cells (22) (23) (24) (25) . It has also been documented that abnormal collagen metabolism is involved in the molecular pathology of POP (26) (27) (28) (29) (30) . Therefore, in the present study, it was hypothesized that oxidative stress may be involved in the pathogenesis of POP. Several specific oxidative stress markers are required to assess redox status. 8-hydroxydeoxyguanosine (8-OHdG) is the most studied product of oxidative DNA damage, produced via hydroxylation at the C-8 position of the guanine base on DNA by extremely active hydroxyl radicals (31). 4-hydroxynonenal (4-HNE), a product of cell membrane lipid peroxidation, can be generated by oxidative stimuli and has been detected in numerous diseases, including diabetes and Parkinson's disease (32) (33) . The formation of 8-OHdG, 4-HNE and 4-HNE-protein conjugation have become common oxidative biomarkers used to estimate ROS-induced DNA and lipid damage in vivo with high precision (34) (35) (36) (37) .
In the endogenous defense system against ROS damage in humans, GPx and superoxide dismutase (SOD) are the two critical antioxidant enzymes (38) . There are three well-known forms of SOD, namely cytosolic copper/zinc SOD (CuZnSOD, SOD1), mitochondrial SOD (MnSOD, SOD2) as well as extracellular CuZnSOD (SOD3). MnSOD is located in the mitochondria, a major site of ROS production, which indicates that MnSOD may serve a key function in the antioxidant defense system (38) . MnSOD is the only mitochondrial matrix enzyme that transforms O 2 -, generated from complexes I and III of the electron transport chain, into H 2 O 2 , which then diffuses out of the mitochondrial matrix and is subsequently neutralized to H 2 O and O 2 by GPx1 (39) . Of the four GPx isoenzymes, GPx1 is the most abundant. It is a selenium-dependent enzyme that protects cells against oxidative damage through scavenging H 2 O 2 and other organic peroxides with reduced glutathione (40) . Thus, MnSOD and GPx1 serve the most important role in maintaining equilibrium between oxidative and antioxidative activity under normal physiological conditions (38) (39) (40) .
The uterosacral and cardinal ligaments are important parts of the pelvic floor support system to the cervix and the upper vagina (41) . Thus, in the present study, the oxidative stress biomarkers, 8-OHdG and 4-HNE, and the major antioxidative enzymes, MnSOD and GPx1, were evaluated in the cardinal ligaments. The aim of the present study was to investigate the oxidative status of pelvic supportive tissue in POP and further demonstrate that oxidative stress is involved in the pathogenesis of POP. (43) were included in the POP II group; and 24 women range from 48-66 years old who were diagnosed with POP III or POP IV were included in the POP III-IV group.
Patients and methods

Patients
Patients with malignancy, hormone-related diseases (including leiomyoma, endometriosis and adenomyosis), diabetes, asthma or cardiovascular disease were excluded since these disorders are known to be associated with oxidative stress (44) (45) (46) (47) .
Immunohistochemistry. All tissue samples were fixed in 4% paraformaldehyde at 37˚C for 8 h, then embedded in paraffin. Samples were cut into 4-µm thick sections and heated at 62˚C for 2 h. Each sample was passed through xylene and ethanol series to remove paraffin. Then, samples were incubated with 1% H 2 O 2 to prevent endogenous peroxidase activities. Sections were boiled in sodium citrate antigen retrieval buffer (10 mmol/l; pH<6.0; 95˚C) for 20 min and then cooled down to room temperature. Then, specimens were washed with PBS and placed in the immunohistochemistry container. Immunohistochemistry was performed using antibodies against 8-OHdG (mouse monoclonal antibody; 1:100; Abcam, Cambridge, UK; cat. no. ab62623) and 4-HNE (rabbit polyclonal antibody; 1:100; Abcam; cat. no. ab46545), following the manufacturer's protocols. Secondary antibodies were goat anti-mouse polyclonal horseradish peroxidase (HRP)-conjugated Immunoglobulin G (IgG; 1:1,000; cat. no. ab97023) and goat anti-rabbit polyclonal HRP-conjugated IgG (1:1,000; cat. no. ab97051; both Abcam). The staining procedure was performed using DAB (DAB-0031; Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China) according to the DAB detection kit protocol. All immunohistochemical images were obtained using a BH-2 light microscope (Olympus Corporation, Tokyo, Japan) and analyzed using Image J2x 2.1.4.7 software (National Institutes of Health, Bethesda, MD, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from freshly collected cardinal ligament tissue with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), following the manufacturer's protocol. The obtained RNA concentration and purity were detected by OD260/280 nm absorption ratio. The extracted RNA was stored at -80˚C until cDNA synthesis. cDNA synthesis was performed using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The synthesized cDNA was stored at -20˚C prior to qPCR. Specific primer pairs were designed as follows: MnSOD forward, 5'-GAC ATA TGA AGC ACA GCC TCC CCG ACC-3' and reverse, 5'-GCA AGC TTG CAT AAC GAT CGT GGT TTA C-3'; GPx1 forward, 5'-CGC TTC CAG AGC ATT GAC ATC-3' and reverse, 5'-CGA GGT GGT ATT TTC TGT AAG ATC A-3'. β-actin (forward, 5'-GTTGCTATCC AGGCTGTG-3' and reverse, 5'-TGA TCT TGA TCT TCA TTG TG-3') served as the internal control. qPCR was performed in triplicate using the standard PCR kit of SYBR-Green Premix Ex Taq (Clontech Laboratories, Inc., Mountainview, CA, USA) and the ABI Prism 7500 system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: 30 sec at 95˚C, followed by 40 cycles for 5 sec at 95˚C and 34 sec at 60˚C, 15 sec at 95˚C, 1 min at 60˚C, 15 sec at 95˚C and 15 sec at 60˚C. Relative gene expression was analyzed using the 2 -ΔΔCq method (48) with a correction for different amplification efficiencies.
Western blot analysis. Western blot analysis was performed according to standard procedures. Total protein was extracted from cardinal ligament tissue and quantified using an enhanced BCA protein assay kit (cat. no. P0010; Beyotime Institute of Biotechnology, Haimen, China). Equal amounts of protein samples (20 µg) from each sample were separated in a 10% SDS-polyacrylamide gel with 5% stacking gel in SDS-Tris-glycine running buffer. Then the proteins were transferred to a polyvinylidene difluoride membrane by standard procedures. The membranes were blocked with 5% nonfat dry milk in TBS for 1 h at room temperature and incubated overnight with primary antibodies at 4˚C: MnSOD (rabbit polyclonal antibody, cat. no. 06-984, 1:1,000; EMD Millipore, Billerica, MA, USA) and GPx1 (rabbit polyclonal antibody; cat. no. ab22604; 1:1,000; Abcam). Antibodies against GAPDH were also utilized (rabbit polyclonal antibody; cat. no. ab9485; 1:1,000; Abcam). After washing with TBS-Tween-20 (TBST) three times, membranes were incubated with secondary fluorescence antibodies (IRDye 800CWgoat anti-rabbit secondary antibodies; cat. no. 926-32211; 1:10,000; LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room temperature. After rewashing with TBST three times at room temperature, the immunoreactive bands were detected and analyzed using the odyssey 3.0 image system software (LI-COR Biosciences).
Measurement of total antioxidant capacity (T-AOC) and enzyme activity of SOD and GPx.
The T-AOC assay kit (Nanjing jiancheng Bioengineering Institute, Nanjing, China; cat. no. A015) and SOD enzyme activity assay kit (Nanjing Jiancheng Bioengineering Institute; cat. no. A001-3) and GPx enzyme activity assay kit (Nanjing jiancheng Bioengineering Institute; cat. no. A005) were purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing, China. The assays were performed according to the manufacturer's protocol.
Statistical analysis. Data are presented as the mean ± standard deviation. SPSS 13.0 statistical analysis software (SPSS, Inc., Chicago, IL, USA) was used to analyze the results. One-way analysis of variance was performed to compare the means among groups and the post-hoc LSD test was used to make multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
8-OHdG and 4-HNE are overexpressed in patients with POP III-IV.
Immunohistochemistry results indicated that 8-OHdG was expressed in the nuclei and 4-HNE was expressed in the cytoplasm of cardinal ligaments, respectively (Figs. 1 and 2 ). and 4-HNE are expressed at higher levels in patients with severe POP compared with patients with mild POP or healthy controls.
MnSOD and GPx1 protein level is decreased in patients with POP III-IV.
As indicated in the western blot analysis (Fig. 3) , the MnSOD and GPx1 protein levels were significantly lower in the POP III-IV group compared with the POP II group and the control group (P<0.05). No significant differences were observed between the control group and the POP II group. These results indicated that the antioxidative proteins MnSOD and GPx1 are expressed at lower levels in patients with severe POP compared with patients with mild POP or healthy controls.
T-AOC, SOD and GPx enzyme activity is decreased in patients with POP III-IV.
In order to detect the primary defense capacity to oxidative stress, T-AOC, SOD and GPx enzyme activity was detected among the three groups. As shown in Fig. 4 , the T-AOC, SOD and GPx enzyme activity was significantly lower in the POP III-IV group compared with the POP II group and the control group (P<0.05). No significant differences were observed between the control group and the POP II group (P>0.05). These results indicated that T-AOC, SOD and GPx enzyme activity was lower in patients with severe POP compared with patients with mild POP or healthy controls.
MnSOD and GPx1 mRNA level is increased in POP group.
The aforementioned results suggested that MnSOD and GPx1 protein level and enzyme activity were lower in the POP III-IV group compared with the control group. Thus, the mRNA level was also compared among groups by RT-qPCR (Fig. 5) . The results indicated that MnSOD and GPx1 mRNA expression was significantly higher in the POP III-IV group compared with the POP II group and the control group (P<0.05). No significant differences were observed between the control group and the POP II group.
Discussion
POP is primarily characterized by biomechanical defects of pelvic supportive tissues and increased apoptotic cell death and altered extracellular matrix (ECM) metabolism may be involved (49, 50) . It has been documented that oxidative stress is a common mediator of apoptosis in numerous cell types and it has been observed in the pelvic supportive tissues of women with POP (51).
Oxidative stress results from an imbalance of ROS and antioxidant defense systems in a cell, tissue or organ and has been identified to be involved in multiple diseases (52) (53) (54) (55) (56) . Pregnancy, childbirth, age, obesity, constipation and smoking are well-established risk factors for POP, and these risk factors have been demonstrated to be associated with oxidative stress (6) (7) (8) . Therefore, it was speculated that oxidative stress may be involved in the pathogenesis of POP.
Previous studies have reported that oxidative stress may be involved in the pathogenesis of POP and certain antioxidative-related genes, including Adapt 78 and DSCR-1 have been identified to be associated with POP (17,20,21) . However, none of these studies detected the oxidative/ antioxidative status in the pelvic supportive ligament of patients with POP. The purpose of the current study was to investigate the oxidative damage and antioxidative status of the pelvic supportive ligament in patients with POP, and further demonstrate that oxidative stress may be involved in the pathogenesis of POP.
In the present study, it was demonstrated that oxidative damage markers, 8-OHdG and 4-HNE, were increased in the pelvic supportive ligament of patients with severe POP compared with controls, while the protein levels of the major antioxidative enzymes, MnSOD and GPx1, were decreased. T-AOC, SOD and GPx enzyme activity were also decreased in patients with severe POP. From these observations, it may be concluded that in patients with severe POP, oxidative damage is increased, while the antioxidative defense system is weakened. These results supported previous findings that oxidative stress is associated with the pathogenesis of POP.
Oxidative stress reflects an excessive bioavailability of ROS, which is the result of an imbalance between production and destruction of ROS. ROS such as O 2 -and H 2 O 2 have been demonstrated to serve important roles as signal transduction intermediates (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) . For instance, ROS have been demonstrated to activate downstream signaling molecules, induce the expression of redox-sensitive genes and regulate cell proliferation and migration, which has been demonstrated to be associated with POP (57) (58) (59) (60) (61) (62) . ROS can also induce mitochondrial damage and dysfunction, resulting in impairment of the Krebs cycle and activation of apoptotic pathways (58, (63) (64) (65) (66) , while oxidative stress-induced apoptotic cell death is reported to be involved in the pathological generation of oxidative stress-related diseases (67, 68) . Previous studies have focused on ROS, the synthesis and decomposition process of ECM. ROS have been demonstrated to regulate MMPs through changes in expression and by direct interactions with Zn-thiol groups (69), activating MMP secretion (25) or through nitration of cysteine residues in the autoinhibitory domain (70) and suppressed collagen production in fibroblasts (71) . An association between the expression of MMP-2 and TIMP-2 in the uterosacral ligament and the occurrence of uterine prolapse has also been demonstrated (72) . Conversely, reactive nitrogen species, such as ONOO -, can induce nitration of TIMP-4 and then attenuate its inhibitory activity against MMP-2 activity in cells (73) . Therefore, oxidative stress may be involved in the pathogenesis of POP through multiple mechanisms, including cell apoptosis and the synthesis and decomposition process of ECM, which are associated with POP.
8-OHdG and 4-HNE are oxidative damage markers of DNA and lipids, respectively (34-37). However, 8-OHdG and 4-HNE may also serve other functions. For example, 8-OHdG has gained much attention due to its mutagenic potential to pair with adenine, instead of cytosine, resulting in G:C to T:A transversions if the damage is not repaired before DNA replication (34, 74) . This may constitute 20-30% of the deoxyguanosine damage in DNA, equivalent to 5-11% of the total DNA nucleoside damage and has been demonstrated to be associated with many oxidative-related diseases or processes, including cancer, aging and neurodegeneration (75,76). 4-HNE, which was initially considered as merely a toxic end-product of lipid peroxidation (LPO) derived from oxidized ω-6 polyunsaturated fatty acids such as arachidonic acid, has been demonstrated to be an important second messenger signaling molecule; alterations in the intracellular levels of 4-HNE are associated with signaling for proliferation, transformation, apoptosis and differentiation in numerous cell types (77-81). Chaudhary et al (82) demonstrated that 4-HNE can cause toxicity to cells through apoptosis and necrosis in a dose-dependent manner. Furthermore, through interactions with cell membrane receptors as well as transcription repressors, 4-HNE could have extensive effects on the expression of genes regulating multiple cellular processes, including oxidative stress (82) . Therefore, 4-HNE may be a key mediator of oxidative stress-induced apoptosis. As a result, aside from being markers of oxidative damage to DNA and lipids, 8-OHdG and 4-HNE can also cause cell and tissue injury multiple mechanisms, which may lead to disease, including POP. This may partly explain the increased levels of 8-OHdG and 4-HNE in the pelvic supportive ligament of patients with POP III-IV in the present study.
Antioxidant defense system enzymes, including GPx and SOD, reduce oxidative stress through inactivation of ROS. GPx1 detoxifies H 2 O 2 and lipid peroxides using reduced glutathione to protect cells against oxidative and nitrosative stress (83) . GPx1 knockdown mice (GPX1 -/-) exhibit increased mitochondrial ROS production and oxidative mitochondrial DNA damage (84) . MnSOD is an important first defense against mitochondrial oxidative stress and damage to mitochondrial integrity (85) . Homozygous MnSOD knockout (Sod2 -/-) mice were reported to be neonatal lethal, produce low levels of cellular ATP, exhibit low O 2 consumption and generate increased levels of superoxide (86) . Meanwhile, enhancement of MnSOD protein levels in Sod2 transgenic mice notably reduced markers of oxidative stress and protected against age-related increases of proapoptotic signaling, including Bax and cleaved caspase-3. It also reduced the number of apoptotic nuclei and the amount of DNA fragmentation in mouse hearts (87) . Additionally, MnSOD could serve a key function in protecting RNA and DNA, thus maintaining normal protein expression, through interacting with RNA or DNA, or interacting with proteins involved in DNA repair, apoptosis, translation and metabolic function (88, 89) . The overexpression of MnSOD appears to increase mitochondrial antioxidative capacity and reduce apoptosis, which has been demonstrated in the liver, brain and skeletal muscle (90) (91) (92) (93) .
Previous research into the pathogenesis of POP has demonstrated that alterations in ECM metabolism and cell apoptosis are involved (27) (28) (29) (30) 49) . It has been proposed that alterations in the smooth muscle content and function may contribute to the development of POP (94-97). Takacs et al (50) demonstrated that the smooth muscle component of the cervical uterosacral ligaments (USL) is decreased significantly and the apoptosis rate is increased in women with uterine prolapse. Decreased smooth muscle content of the USL due to increased apoptosis may also serve a key function in the pathogenesis of POP. On the basis of previous research, it is obvious that oxidative stress, oxidative damage molecules such as 4-HNE and antioxidative enzymes such as MnSOD can regulate or influence cell apoptosis or MMPs and TIMPs, which are associated with ECM metabolism. Decreased protein level and activity of antioxidants GPx1 and MnSOD, as in the present study, is likely to lead to DNA, lipid, protein and mitochondrial function damage and disrupted electron transport, which in turn would lead to increased ROS production. This could form a feedback loop and finally lead to the development of POP.
The observations in the current study support the proposal that oxidative stress is involved in the pathogenesis of POP. This may be through regulating or influencing cell apoptosis and ECM protein metabolism, thus influencing the content and function of the pelvic supportive tissue in POP women. Furthermore, with the decrease of antioxidative capacity, oxidative stress increases, which further leads to increased oxidative damage in the antioxidative defense system, forming a negative feedback loop. Therefore, different degrees of antioxidative capacity could lead to different extents of oxidative stress and thus contribute to different severities of POP. This would mean that the most damaged antioxidative defense capacity in the severe POP group would lead to the greatest oxidative injures in cell and tissue, probably through damage to mitochondria, ECM metabolism and induced cell apoptosis. Therefore, this would result in a greater extent of damage to the pelvic supportive tissue compared with mild POP or healthy controls.
Notably, in the present study, protein expression and enzyme activity of MnSOD and GPx1 were decreased, while the mRNA expression level of the two enzymes increased in patients with POP compared with the control group. As discussed above, ROS can activate downstream signaling targets and induce the expression of redox-sensitive genes. Thus, ROS accumulates in cells and tissue, and activates the expression of protective proteins when oxidative stress occurs, including MnSOD and GPx1. The mRNA expression of these proteins also increases. The specific mechanism for the decrease of MnSOD and GPx1 protein expression and enzyme activity in women with POP remains unknown. Further studies are therefore required to elucidate this.
As previously reported, selenium-enriched food and exercise training is effective in upregulating GPx and MnSOD activity, as well as reducing apoptosis in a range of tissues (98) (99) (100) (101) . The antioxidant enzyme is a potential candidate for the treatment of ROS-related disease, suggesting that selenium-enriched food and exercise training may reduce or delay the occurrence of POP.
In conclusion, the present study demonstrated that oxidative damage is increased in women with severe POP, while the antioxidative defense capacity is decreased. Oxidative stress may be involved in the pathogenesis of POP via regulation of cell apoptosis and ECM metabolism, but the underlying mechanisms require further investigation. The methods that eliminateoxidative damage or enhance antioxidant capacity may therefore be beneficial to delaying the progress of or for the treatment of POP.
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